Developmental dysplasia of the hip is one of the most common causes of osteoarthritis (OA) of the hip.
Clinics in Orthopedic Surgery • Vol. 6, No. 2, 2014 • www.ecios.org osteotomy preserves the vascular supply of the transferred acetabulum and allows considerable medialization of the hip joint, but it has several disadvantages due to the asphericity of the osteotomy surfaces. Because this osteotomy is a series of straight cuts, incongruity at the site of the osteotomy and anterior displacement of the hip joint may occur in patients who need an extensive acetabular reorientation. 10) Because a gap is created at the site of the osteotomy, bone grafting and relatively rigid fixation with hardware are needed to secure the rotated acetabular fragment. To reduce these drawbacks, curved periacetabular osteotomy (CPO) was developed for the treatment of hip dysplasias in 1995. 11) In CPO, the exposure of osteotomy sites and osteotomy of the ischium are made in the same manner as the Bernese periacetabular osteotomy, and iliac and pubic osteotomies are performed in the same manner as a rotational acetabular osteotomy. 12) In this review, we described our investigations to solve a number of problems concerning dysplastic hips, and our experience performing CPO on more than 700 hips.
DEVELOPMENT OF OA IN DYSPLASTIC HIP
In dysplastic hips, there are two major factors leading to OA of the hip: mechanical overload and instability, resulting from inadequate osseous coverage of the femoral head. Although mechanical stress on dysplastic hips has been widely described, the dynamic instability has not been evaluated quantitatively in clinical cases. We have investigated the dynamic instability of 48 hips in 24 patients with unilateral hip dysplasia (center-edge [CE] angle < 25°) by evaluating their walking patterns under routine conditions using triaxial accelerometry. 13) The overall magnitude of acceleration of the dysplastic hips was significantly larger than that of normal hips, with an increase in the dynamic instability of the hip in proportion to the degree of dysplasia (CE angle). We have also studied the dynamic instabilities of 25 dysplastic hips preoperatively and 1 year postoperatively in hip patients receiving CPO using triaxial accelerometry.
14) The overall magnitude of acceleration was significantly decreased from 2.30 ± 0.57 m/sec 2 preoperatively to 1.55 ± 0.31 m/sec 2 postoperatively. The Harris hip score improved from 78.08 points preoperatively to 95.36 points postoperatively, and radiographic parameters all showed significant improvements. This study suggests that the pain relief and improvement of acetabular coverage resulting from acetabular reorientation is strongly related to the reduction in the dynamic instabilities of dysplastic hips.
The acetabular rim and labrum in the area with inadequate osseous coverage of the femoral head is subject to abnormal stress and instability, which may cause the labrum to rupture and a fragment of bone to separate from the adjacent bone margin. 15) In our study of the tensile properties of the human acetabular labrum among diagnosis-based groups, including OA, developmental dysplasia of the hip, and other cases such as those with idiopathic necrosis of the femoral head, the OA group demonstrated the lowest value of mean stress at failure. 16) A significant difference in the mean tensile stress at failure between genders was found: that of males was significantly greater than that of females. Inadequate osseous coverage of the femoral head in most dysplastic hips is located in the anterosuperior area of the hip joint. A negative correlation was found in dysplastic hips between the tensile stress at failure of the anterosuperior labrum and age, while the degeneration of the anterosuperior labrum was more severe than that of the posteroinferior labrum. 17) We propose that degeneration of the fibers of the anterosuperior labrum due to OA may influence the stress and strain it can withstand.
Hydrostatic intracapsular pressure and inflammatory cytokines may play an important role in the pathophysiology of OA. Positive correlations between the intracapsular pressure and both the concentration of interleukin-1β (IL-1β) and the volume of the joint fluid were made as a result of our clinical study measuring the intracapsular pressure of the early dysplastic hips, and its relation to the concentration of IL-1β, the volume of the joint fluid, and the clinical and radiographic findings before CPO. 18) These findings suggest that the inflammatory cytokines produced by the synovial membrane as a conse- quence of instability of the hip joint may be of importance for the initiation and/or development of OA in dysplastic hips. If inadequate osseous coverage of the femoral head is not treated in dysplastic hips, OA may be developed, caused mainly by abnormal stress and instability due to deterioration of the mechanical integrity of the joints. Inflammatory cytokines and mechanical weakness of tissues, due to aging and feminine gender, seem to accelerate the progression of OA (Fig. 1) .
SURGICAL TECHNIQUES OF CPO AND POSTOPERATIVE MANAGEMENT
The patient is placed on a radiolucent table in the supine position. An anterior incision is made, beginning over the iliac crest at 2.5 cm posterior to the anterior superior iliac spine, and extending distally for approximately 9 cm along the tensor fasciae latae muscle (Fig. 2) . The fascia over the tensor fasciae latae muscle belly is incised in line with the muscle fibers. The medial part of the incised fascia, along with the sartorius muscle, is reflected medially to protect the lateral femoral cutaneous nerve, and the tensor fascia latae muscle belly is reflected laterally. The anterior superior iliac spine is then osteotomized in a wedge-shaped fashion, with the inguinal ligament and sartorius muscle remaining attached (Fig. 3) . The osteotomized anterior superior iliac spine, having the inner table of the pelvis as a base, is about 4 cm in length and 1.5 cm in width, and is retracted medially. No exposure of the outer table of the pelvis is needed in this operation.
It is unnecessary to expose the neurovascular bundle that includes the femoral artery, vein, and nerve. The supraacetabular portion of the iliacus muscle is then detached. The corpus of the pubis is exposed, and the blunt tip of a Chiari retractor is inserted into the posterior border of the quadrilateral space and fixed in the greater sciatic notch as a landmark. To create a working space for the osteotomy, a 3 cm wide retractor is inserted into the quadrilateral space and placed in front of the Chiari retractor (Fig. 4) . Using a power drill, a C-shaped osteotomy line is started proximal to the anteroinferior iliac spine, ending in the distal part of the quadrilateral surface (Fig. 5) . In order to keep the posterior column of the acetabulum intact and to avoid an intra-articular osteotomy, the most posterior part of the Cshaped osteotomy line in the quadrilateral surface should be about one-finger breadth anterior to the sciatic notch.
19)
The osteotomy line is also marked at a point just medial to the iliopubic eminence of the superior ramus of the pubis. After the osteotomy line is checked with an intraoperative fluoroscopy, the elevator is introduced into the space between the distal joint capsule and the psoas tendon with the hip in flexion and slight adduction. When the tip of the elevator contacts the ischium, the chisel is inserted along the elevator, and it is confirmed using intraoperative fluoroscopy that the direction of the blade is toward the infracotyloid groove. The chisel is hammered a few centimeters into the ischium. Osteotomy of the superior ramus of the pubis is carried out just medial to the iliopubic eminence and performed at an inclination of 30° to the horizontal line for medialization of the femoral head. 20) The obturator artery and nerve pass through the obturator foramen under the bone. Retractors should be placed under the bone to protect the neurovascular structures. Osteotomy of the quadrilateral surface is carried out using a curved chisel. Lastly, osteotomy is carried out in the supra-acetabular portion of the ilium, into which the blade of the curved osteotome is hammered in a proximal-lateral direction. The C-shaped osteotomy enables smooth acetabular reorientation and medialization because the osteotomy surfaces have the same curvatures. The acetabular fragment is redirected and fixed temporarily with a Kirschner-wire. then the hip is flexed and rotated internally to verify that there is no excessive anterior or lateral correction that might lead to femoroacetabular impingement (FAI). To confirm a lack of FAI, the anterior part of the hip joint capsule is palpated when the hip is placed in flexion and internal rotation. If abutment of the anterior femoral head and neck on the anterior rim of the acetabulum is detected, the reoriented acetabular fragment is rotated posteriorly, or a resection osteochondroplasty of the nonspherical portion of the femoral head-neck junction is performed to relieve the impingement. 21) Then, the acetabular fragment is fixed with two or three poly-L-lactic acid screws. The osteotomized anterior superior iliac spine is placed back in its original position and fixed with two titanium cannulated cancellous screws.
Active motion exercises are initiated on the first postoperative day. Partial weight-bearing (10 kg) on two crutches or a walker is allowed on the third postoperative day, and full weight-bearing is allowed after 8 weeks postoperation.
FACTORS AFFECTING POSTOPERATIVE OUTCOMES

Abductor Muscles
Good function of the abductor muscles in the hip is important to reduce dynamic instability of dysplastic hips while walking. 22) The results of our previous study, examining the effects of subperiosteal dissection on blood flow in an animal model, suggested that the mid-portion of the gluteus medius muscle receives much of its blood from the ilium. 23) Extensive dissection of the abductors from the outer aspect of the pelvis for the sake of iliac osteotomy may cause ischemic insult to the functional integrity of the muscle, and result in persistently poor postoperative abductor function.
Isokinetic muscle strengths of 24 hips in 22 patients were measured preoperatively, and again 6 and 12 months after CPO. 24 
Acetabular Retroversion
Acetabular retroversion can result from posterior wall deficiency in an otherwise normally oriented acetabulum, excessive anterior coverage secondary to a malpositioned acetabulum, or both, and is commonly associated with acetabular dysplasia. We retrospectively examined anteroposterior radiographs of the pelvis of 250 patients (342 hips) and found that the prevalence of acetabular retroversion was 18% in those with developmental dysplasia of the hip.
25) The posterior wall coverage of dysplastic hips with acetabular retroversion tends to be lower than that of those with an anteverted acetabulum. Posterior OA of the hip developed postoperatively in 29% of the hips whose had a retroverted acetabulum preoperatively that had not reoriented after CPO. 26) A marked decrease in free flexion was noted in patients with postoperative acetabular retroversion. 27 ) Acetabular retroversion is a risk factor leading to degenerative OA of the hip. When a corrective osteotomy is performed in a patient with developmental dysplasia and a retroverted acetabulum, the surgeon should transfer the osteotomized acetabulum in a posterolateral direction while simultaneously moving the femoral head medially to prevent the development of OA in the posterior part of the hip due to posterior wall deficiency.
Acetabular Remodeling
In a normal hip, the radiographic appearance of the subchondral plate in the superior aspect of the acetabulum or sourcil covers the contained femoral head, and is uniform and symmetrical. In a dysplastic hip, that of the sourcil covers only a small part of the subluxed femoral head, and becomes irregular and eccentric, showing an increased load distribution on the hip joint. The sourcil was found to be enlarged after reorientation of the acetabulum by osteotomy. 28) We compared the enlargement of the sourcil after CPO in 19 patients aged 46 years or older with that in 47 patients aged less than 46 years, and found no significant differences between both groups. 29) It seems that joint remodeling of the hip in patients over 46 years old is not inferior to that in younger patients (Fig. 6) .
The presence of subchondral bone cysts reflects degeneration or defects of the articular cartilage, and elevated local stresses in the subchondral bone of dysplastic hips. To assess whether the presence of acetabular cysts negatively influences the effectiveness of CPO for the treatment of OA secondary to hip dysplasia, we reviewed the condition of 46 hips in 43 patients who underwent CPO. Of the 46 hips, 21 had acetabular cysts preoperation (cyst group) and 25 did not (control group).
30) The clinical results were similar between the two groups. There were no differences in radiographic evaluations between the two groups, with a mean follow-up of more than 5 years each. In the cyst group, complete or partial healing of the cysts was observed in 17 of the 21 hips. A postoperative increase of 20º or more in the CE angle was found in 14 of these 17 hips. These results showed conclusively that the preoperative presence of acetabular cysts did not influence the results of periacetabular osteotomy. An adequate rotation of the acetabular fragment induced cyst remodeling.
OLDER PATIENTS AND SEVERITY OF ACETABULAR DYSPLASIA FOR INDICATION OF CPO
Although periacetabular osteotomy has been established as an effective treatment for OA of dysplastic hips in younger patients to relieve hip pain and prevent early onset of secondary OA, the effectiveness of this osteotomy for older patients remains controversial. We evaluated 46 hips in 42 patients (older group) aged 50 years or older with developmental dysplasia of the hip that had undergone CPO, and compared the results of the operation those of 50 hips in 44 patients aged below 50 years (younger group) treated by the same osteotomy.
31) The mean ages of older group and younger group were 54.6 years (range, 50 to 65 years) and 32.3 years (range, 19 to 49 years), respectively. There were no significant differences between the two groups preoperatively and postoperatively in their mean Harris hip scores, or in any of the radiographic measurements, including the CE angle, acetabular head index, acetabular roof obliquity, and head lateralization. Satisfactory results were obtained clinically and radiographically after CPO in patients aged 50 years or older. However, in patients with advanced OA, CPO should be performed with great care. We investigated the results of CPO alone for the treatment of severe dysplastic hips (44 hips) of Severin 32) group IV-b, compared to those for moderate dysplastic hips (147 hips) of Severin group III and IV-a.
33) The mean postoperative acetabular roof obliquity and head lateralization index values did not differ significantly between the two groups. Good clinical results and low complication rates were obtained in both groups. This shows that using CPO alone for the treatment of severe dysplastic hips classified as subluxated hips of Severin group IV-b, with preoperative CE angles of up to -20°, could restore the acetabular coverage, weight-bearing area and medialization of the hip joint.
ACETABULAR DYSPLASIA ASSOCIATED WITH PROXIMAL FEMORAL DEFORMITIES
We often see residual deformities of the hip following the treatment for developmental dysplasia of the hip, or after Legg-Calvé-Perthes disease. These deformities characteristically include proximal femoral deformities, including the shortening of the femoral neck, the relative overgrowth of the greater trochanter, the flattened femoral head, and secondary acetabular dysplasia. These are so-called Pertheslike deformities. Surgical treatment for dysplastic hips with Perthes-like deformities in skeletally mature patients remains controversial. It is unclear whether we should treat both the deformed proximal femora and the dysplastic acetabulum, or treat them respectively. We retrospectively evaluated 17 hips in 16 patients who underwent CPO for the treatment of dysplastic hips with Perthes-like deformities. 34) The average age of patients at surgery was 36.9 years, and the average follow-up was 6.6 years. The average Harris hip score significantly improved from 68.2 points preoperatively to 91.1 points postoperatively. The average lateral center edge angle improved significantly from -0.3° preoperatively to 30.4° postoperatively. Clohisy et al. 35) previously reported the clinical results of periacetabular osteotomy for the treatment of Perthes-like deformities in 24 hips in 20 patients. A proximal femoral valgus-producing osteotomy was simultaneously performed in 13 of the 24 hips. The average Harris hip score in those patients was generally equal to that of the patients in our study preoperatively and at follow-up; however, they described that 6 of the 24 hips had additional surgical procedures or major complications. CPO, without any other combined procedure, produced good mid-term clinical and radiographic results in pateints with Perthes-like deformities (Fig. 7) . None of our patients had additional surgical procedures or major complications.
Paliobeis and Villar 36) reported that 47% of patients with FAI also had radiographic evidence of dysplasia. Clohisy et al. 37) reported the analysis of the femoral headneck junction in symptomatic acetabular dysplasia, revealing that 73.1% of dysplastic hips had an abnormal headneck ratio or alpha angle, and 72% were judged to have an aspheric femoral head. Recently, Nassif et al. 38) reported the results of femoral head-neck junction osteochondroplasy performed concurrently with a periacetabular osteotomy for the treatment of symptomatic acetabular dysplasia associated with femoral head-neck junction de- formities. They described that this combined procedure provided effective correction of associated femoral headneck junction deformities, and produced similar early functional outcomes when compared with isolated periacetabular osteotomy. We have also been performing CPO in conjunction with osteochondroplasty for the treatment of acatabular dysplasia associated with FAI since 2006. 21, 39) Although it usually takes about 15 minutes longer than an isolated periacetabular osteotomy, the combined procedure has been providing effective correction of both acetabular dysplasia and associated femoral head-neck deformities without any increase in the complication rate (Fig. 8) .
COMPLICATIONS
Arterial injuries are rare, but potentially devastating complications of periacetabular osteotomy. They will cause lethal bleeding if untreated promptly, and may only be seldom reported due to litigation. When performing a rotational acetabular osteotomy, 12) the osteotomy is done from the lateral surface of the pelvis with the patient in a lateral position. Osteotomies and fixation are made from the outward pelvis going inward. If excessive drilling is done for fixation of the transferred acetabulum, there is potential danger to the external iliac artery. We found in Japanese patients that the external artery was located closer and more ventral to the anterior inferior iliac spine in right hemipelves than in left hemipelves, and that the average distance from the outer surface of the iliac osteotomy site to the external iliac artery was significantly shorter in females (average, 31.7 mm) than in males (average, 38.2 mm). 40) On the basis of these findings, a rotational acetabular osteotomy on a right pelvis, especially in females, seems to be potentially more dangerous with regard to the risk of vascular injury to the external iliac artery than that on the left side. On the other hand, the external iliac artery in the Bernese periacetabular osteotomy or CPO is completely safe, because iliac osteotomies are made from the inward pelvis going outward with a modified SmithPetersen approach. However, in any type of reorientation osteotomy of the acetabulum, there is a potential risk of intraoperative injury to the obturator artery, 41, 42) which is located in close proximity to the pubic osteotomy site. We examined 32 cadaver hemipelves and analyzed the anatomical relationship between the obturator artery and the pubic osteotomy site during periacetabular osteotomy in detail. 43) The results indicated that the obturator artery is located closest to the distal part of the pubic osteotomy line around the base of the pubis, and that a chisel should be inserted into the pubis at a distance greater than 6 mm form the medial base of the iliopubic ramus. We have encountered injuries to this artery in only one out of more than 700 cases. In this case, pubic osteotomy was done just at the medial base of the iliopubic ramus, and transarterial embolization was immediately performed after CPO without any ensuing sequelae. We also examined 29 cadaver hemipelves to analyze the anatomical relationship between the obturator artery and the ischial osteotomy site during periacetabular osteotomy in detail, and found that this procedure can be performed safely via the anterior approach if a chisel with a blade of 20 mm or shorter is used. 44) There have been only two intraoperative comminuted fractures in our series so far. One comminuted fracture of the acetabulum occurred during an iliac osteotomy in a 46-year-old woman in January 1998 (Fig. 9) . The other occurred at the posterior column during an osteotomy of the quadrilateral space in a 31-year-old woman in April 1998. In both patients, bed rest with skin traction was maintained for 3 weeks after surgery, and touch-down weight bearing on crutches was then begun. Full weightbearing was not allowed until 10 weeks postoperatively. Bony union and pain relief were observed in both patients. In both of these cases, the intraoperative fractures were caused by inadvertent use of the chisel. Since then, as osteotomies have been performed by going deep gradually with careful use of the chisel, there have been no further intraoperative fractures with this procedure.
The skin incision of a Smith-Petersen approach has a strong possibility to cross over the lateral femoral cutaneous nerve. 45) Since 2006, we have modified the surgical exposure to decrease the possibility of causing lateral femoral cutaneous nerve injuries. 33) The skin incision in this modified surgical exposure, which is a few centimeters lateral to the original surgical exposure, is made along the tensor fasciae latae. The membrane of the tensor fasciae latae is incised along itself, and part of the muscle is retracted laterally. Then, the lateral femoral cutaneous nerve, with its surrounding tissues, is retracted medially without exposure of the lateral femoral cutaneous nerve. Thanks to this modification of the surgical exposure, dysesthesia of the lateral femoral cutaneous nerve has been dramatically decreased.
Although it was assumed that a superior limb of the pubis nonunion would occur mainly in severe dysplastic hips, likely as a result of a large transfer of the acetabular fragment, this complication also occurred in moderate dysplastic hips. Though it is difficult to reach a clear conclusion as to the cause of this complication because of the small number of cases, it may be attributable to overcorrection or lateralization, producing a large gap in the osteotomy site of the pubis. Most of the patients with pubic nonunion were asymptomatic (Fig. 10) ; however, careful follow-up is required because stress fractures are believed to arise when the load transmission only occurs through the inferior limb of the pubis and ischium. 46) Although serious complications, such as motor nerve palsy, deep infection, necrosis of the femoral head or acetabulum, and delayed union or nonunion of the ilium have been reported using other methods, 47, 48) such complications have not yet occurred in any of our cases.
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